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A r t i c l e s
Toll-like receptors (TLRs) are evolutionarily conserved pathogenrecognition molecules expressed by professional antigen-presenting dendritic cells (DCs) and macrophages 1, 2 . TLR4 is the bestcharacterized member of this family; it recognizes lipopolysaccharide (LPS) from the cell walls of Gram-negative bacteria 2 . TLR4 signaling comprises two distinct signaling pathways, referred to as 'MyD88-dependent' and 'MyD88-independent' that both culminate in the expression of genes encoding inflammatory and immunomodulatory molecules 2 . The MyD88-dependent pathway is mediated by the adaptors MyD88 and TIRAP (Mal) and operates at the plasma membrane 3 to induce transcription factor NF-κB and mitogen-activated protein kinase (MAPK) pathways. The MyD88-independent pathway is initiated by the adaptors TRAM and TRIF in the endosomes 4 to generate interferon-β (IFN-β) through activation of the transcription factor IRF3 (ref. 2) . It is thought that the TIRAP-MyD88 pathway transits sequentially into TRAM-TRIF signaling, but the molecular mechanism underlying this switch is unknown.
Phosphatidylinositols are anionic membrane lipids that can provide 'sorting codes' for the recruitment of cytosolic proteins with lipid-binding modules to the membrane 5, 6 . Phosphatidylinositols are important determinants for the targeting of TIRAP and TRAM to specific cellular locations, where they act as molecular scaffolds to initiate downstream signaling 7 . A polybasic domain in TIRAP is critical for its binding to regions of the plasma membrane rich in phosphatidylinositol-(4,5)-bisphosphate (PtdIns(4,5)P 2 ) 3 . TRAM contains a polybasic region that can bind any phosphatidylinositol molecule and also has a myristoylation motif 4 that facilitates the trafficking of proteins from the plasma membrane into endosomes 8 .
The turnover of phosphatidylinositols is controlled by lipid kinases and phosphatases and regulates the intracellular sorting of proteins 5 . Members of phosphatidylinositol-3-OH kinase (PI(3)K) class I generate the second messenger phosphatidylinositol-(3,4,5)-trisphosphate (PtdIns(3,4,5)P 3 ), which is important for a broad range of cell responses, including proliferation, cytoskeletal dynamics and vesicular trafficking 9 . Mammals have eight PI(3)K isoforms that are divided into three classes 10 . The class IA PI(3)K catalytic subunits (p110α, p110β and p110δ) are found in complex with the Src-homology 2 domain-containing regulatory subunit p85 and are acutely activated by tyrosine kinases or G protein-coupled receptors. The class IB PI(3)K p110γ is found in complex with a p84 or p101 regulatory subunit that lacks Src-homology 2 domains and couples to G proteincoupled receptors. The PI(3)K family members p110α and p110β are ubiquitous, and whereas inactivation of p110α leads to full embryonic death, inactivation of p110β leads to partial embryonic death 11, 12 . Leukocytes show considerable enrichment for p110γ and p110δ, which control immunological functions 13, 14 . All p110 isoforms convert 1 0 4 6 VOLUME 13 NUMBER 11 NOVEMBER 2012 nature immunology A r t i c l e s PtdIns(4,5)P 2 to PtdIns(3,4,5)P 3 , which interacts with specific pleckstrin homology domains present in several effector proteins, including the serine-threonine kinase Akt (PKB) 10 . The PI(3)K-Akt axis is activated downstream of TLRs 15 , but the precise roles and mechanism of action of individual PI(3)K isoforms in the TLR4 pathway remain unknown. It has also remained unclear whether PI(3)K serves a positive or negative role in TLR signaling, with published evidence supporting both possibilities [16] [17] [18] [19] .
As PtdIns(4,5)P 2 -dependent targeting of TIRAP to the plasma membrane is a prerequisite for the initiation of MyD88-dependent signaling 3 , here we explored whether acute regulation of the abundance of PtdIns(4,5)P 2 by PI(3)K would influence TLR4 signaling at this location. We used bone marrow-derived DCs (BMDCs) in which class I PI(3)K isoforms were genetically or pharmacologically inactivated. We found that p110δ was the main class I PI(3)K isoform recruited to the activated TLR4 complex, where it converted PtdIns(4,5)P 2 to PtdIns(3,4,5)P 3 after activation by LPS. The change in the ratio of PtdIns(4,5)P 2 to PtdIns(3,4,5)P 3 concurrently 'licensed' the internalization of TLR4 from the plasma membrane and promoted the redistribution of TIRAP to cytoplasmic compartments, where it was degraded by calpain and proteasome action. Interference with the kinase activity of p110δ extended the residence of TIRAP at the plasma membrane, which led to prolonged signaling via NF-κB and the MAPK p38 and amplified production of proinflammatory cytokines. Conversely, IRF3 activation was diminished, which led to lower expression of IFN-β and anti-inflammatory interleukin 10 (IL-10). In vivo, altered TLR4 signaling output led to more endotoxin-induced death of p110δ-deficient mice. Our data document a role for the p110δ isoform of PI(3)K in the compartmentalization of signaling downstream of TLR4.
RESULTS

PI(3)K p110d controls LPS-induced TLR4 internalization in DCs
BMDCs and splenic DCs express all class I PI(3)K isoforms, but the roles of these kinases in TLR4 signaling are unknown. We initially focused on the p110δ isoform, as it has high expression in leukocytes 10 . We made use of p110δ(D910A) mice (called 'δ(D910A) mice' here), in which the kinase activity of endogenous p110δ is rendered inoperative because of an inactivating germline knock-in mutation in the sequence encoding its catalytic domain 14 . This inactivation of p110δ did not affect expression of the nontargeted p110 and p85 isoforms and had no discernable effect on the number of DCs obtained in vitro or in vivo (Supplementary Fig. 1a,b) . Splenic DCs from wildtype and δ(D910A) mice had similar expression of the surface markers CD11c and CD8 (Supplementary Fig. 1c) , and BMDCs of both genotypes had similar expression of major histocompatibility complex class II and the costimulatory molecule CD40 before and after stimulation with LPS ( Supplementary Fig. 1d ). The surface expression of TLR4 on BMDCs and splenic DCs from δ(D910A) and wild-type mice was also similar (Fig. 1a,b and Supplementary Fig. 1d ).
PtdIns(3,4,5)P 3 has been linked to phagocytosis and endocytosis 20, 21 . Inactivation of p110δ did not notably affect the phagocytosis of Escherichia coli opsonized by immunoglobulin G or the macropinocytosis of dextran under basal or LPS-activated conditions (Supplementary Fig. 1e ). In contrast, endocytosis of the transferrin receptor (Supplementary Fig. 1e ) and LPS-mediated endocytosis of the TLR4 were significantly inhibited in BMDCs and splenic DCs from δ(D910A) mice relative to their endocytosis in cells from wild-type mice (Fig. 1a,b) ; however, 24 h after LPS stimulation, cells from neither mouse strain had detectable TLR4 on their cell surface ( Supplementary  Fig. 1d ). Our data indicated that internalization of TLR4 involved p110δ kinase activity.
The p85 immunoprecipitates of δ(D910A) BMDC extracts had ~50% as much in vitro PI(3)K activity, under basal or LPS-activated conditions, as wild-type cells had, without a change in the activity of p110α or p110β (Fig. 1c) . Visualization of the abundance of PtdIns(3,4,5)P 3 by confocal microscopy with antibody to PtdIns(3,4,5)P 3 (anti-PtdIns(3,4,5)P 3 ) in wild-type cells showed a robust LPS-induced PtdIns(3,4,5)P 3 signal at the cell periphery located together with the cortical actin network ( Supplementary  Fig. 2 ), which reportedly shows enrichment for the PtdIns(4,5)P 2 substrate for PI(3)K 6 . In contrast, we detected only diffuse PtdIns(3,4,5)P 3 staining in LPS-treated δ(D910A) BMDCs (Supplementary Fig. 2 ). Together these data demonstrated that p110δ was the main PI(3)K isoform in BMDCs that generated PtdIns(3,4,5)P 3 after stimulation with LPS.
In line with those findings, inactivation of p110δ, either pharmacologically (with the ATP-competitive kinase inhibitor IC87114) or genetically (in δ(D910A) cells), inhibited PtdIns(3,4,5)P 3 -dependent phosphorylation of Akt after LPS stimulation at early time points (15-30 min) , with some residual phosphorylation of Akt occurring at a later time point (60 min; Fig. 1d ). Genetic or pharmacological inactivation of p110α, p110β or p110γ did not affect LPS-stimulated phosphorylation of Akt, nor did combined pharmacological inactivation of these p110 isoforms (Supplementary Table 1 and data not shown). The pan-PI(3)K inhibitor wortmannin inhibited the phosphorylation of Akt to an extent similar to that achieved by IC87114 after 30 min of stimulation with LPS (data not shown). Together these data showed that p110δ was the main driver of the LPS-induced PI(3)K-Akt pathway in BMDCs, at least during the early phases of TLR4 signaling.
The TLR4 signaling complex includes p110d
The data reported above indicated involvement of p110δ in the early steps of TLR4 signaling. To gain molecular insight into the signaling affected by inactivation of p110δ, we first assessed the involvement of known TLR4 adaptors in LPS-induced activation of PI(3)K. LPSinduced phosphorylation of Akt was unaffected in TRIF-deficient cells but was absent in TLR4-deficient cells and was much lower in MyD88-or TIRAP-deficient cells (Fig. 1e) . Immunoprecipitation with anti-TLR4 or anti-p110δ showed that p110δ was recruited to an early LPS-induced signalosome complex that contained TLR4, MyD88 and TIRAP in both wild-type and δ(D910A) BMDCs (Fig. 1f,g ). The p110δ immunoprecipitates also had a weakly detectable enhanced interaction of TRAM with TLR4 that we did not observe in δ(D910A) BMDCs (Fig. 1g) ; this indicated less interaction of TRAM with activated TLR4 in the absence of p110δ kinase activity. Furthermore, LPS-induced interaction of p110δ with MyD88 occurred before the binding of p110δ to TIRAP (Fig. 1g) . Together these data showed that p110δ was recruited to the newly formed TLR4 complex at an early stage and that TIRAP and MyD88 but not TRIF were essential for LPS-induced activation of the p110δ PI(3)K-Akt axis, with possible involvement of p110δ in promoting the TRAM-TLR4 interaction after stimulation with LPS. PI(3)K p110d dissociates TIRAP from the plasma membrane The stimulation of phospholipases and PI(3)Ks via receptors can modify the local plasma-membrane concentration of PtdIns(4,5)P 2 (refs. 22,23) , which is important for the localization of TIRAP to this site 3 and could thus contribute to TLR4 signaling. We therefore investigated whether p110δ activity influenced the localization of TIRAP at the plasma membrane under basal and LPS-stimulated conditions. Under basal conditions, the distribution of endogenous TIRAP was similar in wild-type and δ(D910A) BMDCs, as it localized along the npg A r t i c l e s plasma membrane ruffles, which were enriched for PtdIns(4,5)P 2 ( Fig. 2a) , in line with published observations 3 . We also visualized a detectable fraction of TIRAP in intracellular locations that overlapped with the PtdIns(4,5)P 2 staining in cells from both genotypes (Fig. 2a) . After 20 min of stimulation of wild-type BMDCs with LPS, a large proportion of TIRAP had dissociated from the plasma membrane ruffles, followed by an overall decrease in TIRAP staining within 1 h both at the plasma membrane and in cytosolic compartments (Fig. 2a-c) . Under both basal and LPS-stimulated conditions at 10 min or 1 h, TIRAP did not localize together with the early endosomal antigen EEA1 ( Supplementary Fig. 3 and data not shown), which indicated that TIRAP was not internalized to early endosomes in either wildtype or δ(D910A) cells.
Unlike its positioning in wild-type cells, TIRAP in δ(D910A) BMDCs persisted at the plasma membrane for up to 20 min after LPS stimulation (Fig. 2a,c) . We also observed similar retention of TIRAP at the plasma membrane in IC87114-treated wild-type cells and in δ(D910A) BMDCs stimulated with LPS, with some TIRAP still detectable at the plasma membrane as late as at 1 h after LPS stimulation (Fig. 2b,c and data not shown). These data showed that inactivation of p110δ delayed the LPS-induced dissociation of TIRAP from the plasma membrane.
Next we transiently transfected wild-type and δ(D910A) BMDCs to express green fluorescent protein (GFP)-tagged TIRAP and visualized these cells by confocal microscopy. These experiments confirmed the finding that LPS activation of wild-type cells resulted in timedependent, rapid loss of GFP-TIRAP from the plasma membrane and also from the cytosol (Fig. 2d) . In a similar setting in LPS-activated δ(D910A) cells, GFP-TIRAP persisted for up to 30 min with very little loss of TIRAP from the plasma membrane (Fig. 2d) . Biochemical fractionation of membrane and cytosolic compartments provided further evidence that inhibition of p110δ prolonged the residence of TIRAP at the plasma membrane after activation by LPS. Under basal conditions, the membrane fraction showed enrichment for TIRAP, with some TIRAP redistributed to the cytosol 15 min after stimulation with LPS (Fig. 2e) . However, in δ(D910A) cells, little or no TIRAP redistributed to the cytosol after stimulation with LPS ( Fig. 2e) .
Proteins with polybasic regions can bind PtdIns(4,5)P 2 in a concentration-dependent manner and act as PtdIns(4,5)P 2 sensors 24 . In a protein-lipid overlay assay, a control protein generated by the fusion of glutathione S-transferase (GST) and phospholipase C-δ-pleckstrin homology domain (PLC-δ-PH, which has a known 'preference' for PtdIns(4,5)P 2 ) 25 and recombinant GST-TIRAP interacted more effectively with PtdIns(4,5)P 2 than did GST-Akt-PH (used as A r t i c l e s a probe for PtdIns(3,4,)P 2 and PtdIns(3,4,5)P 3 ) or GST-Hrs-FYVE (a fusion of GST and the FYVE zinc-finger domain derived from the endosome-associated protein Hrs, used as a probe for for PtdIns(3)P), as described before 26, 27 ( Supplementary Fig. 4a ). Moreover, in an in vitro lipid-vesicle-association assay, TIRAP and PLC-δ-PH had a sigmoidal PtdIns(4,5)P 2 concentration-dependent binding pattern ( Supplementary Fig. 4b ), with TIRAP binding less effectively than PLC-δ-PH, in line with stronger affinity of the latter for PtdIns(4,5)P 2 , even at low concentrations 25 . In protein-lipid overlay assays, TIRAP effectively bound to PtdIns(4,5)P 2 , but TIRAP-4x, a mutant version of TIRAP lacking the four lysine residues in its polybasic domain 3 , did not (Supplementary Fig. 4c) . In a similar assay in the presence of ATP, recombinant p110δ diminished the binding of TIRAP to PtdIns(4,5)P 2 in a dose-dependent way, an effect that was blocked by IC87114 or removal of ATP from the reaction buffer (Fig. 2f) ; this indicated that p110δ diminished the binding of TIRAP to PtdIns(4,5)P 2 mainly through its lipid-kinase activity. These data indicated that p110δ was able to compete with and derease the binding of TIRAP to PtdIns(4,5)P 2 in vitro. We obtained additional evidence that the kinase activity of p110δ can control the localization of TIRAP through the regulation of PtdIns(4,5)P 2 -PtdIns(3,4,5)P 3 dynamics from a cell-based model with NIH3T3 mouse fibroblasts, which lack detectable endogenous p110δ expression 12 (Supplementary Fig. 5a ). Stable expression in The activity of p110δ in BMDCs is involved in the dissociation of TIRAP from the plasma membrane after stimulation with LPS. (a) Confocal microscopy of wild-type and δ(D910A) BMDCs left untreated (Med) or activated for 20 min with LPS and then stained with anti-TIRAP or GST-PLC-δ-PH, followed by anti-GST (to probe for PtdIns(4,5)P 2 ); arrowheads indicate the localization of TIRAP with PtdIns(4,5)P 2 at the plasma membrane. DIC, differential interference contrast. Scale bars, 10 µm. (b) Confocal microscopy of wild-type BMDCs (left group) pretreated for 1 h with vehicle (DMSO) or IC87114 (1 µM) and then stimulated for 0-60 min (above images) with LPS (100 ng/ml), and of a Tirap −/− BMDC treated with vehicle and left unstimulated (far right). Arrowheads indicate localization of TIRAP at the cell periphery. Original magnification, ×63. (c) Frequency of BMDCs (n = 50-60, collected from ten fields) with TIRAP staining at the plasma membrane, assessed by differential interference contrast microscopy (treated, stained and analyzed as in a,b). *P < 0.01 and **P < 0.001 (Student's t-test). (d) Video microscopy of wild-type and δ(D910A) BMDCs transfected to express GFP-TIRAP and then imaged for 15 min in medium alone before stimulation with LPS (100 ng/ml), followed by imaging for 18 h (time, top right corners; '0 min' indicates 1 min after the addition of LPS). Original magnification, ×63. (e) Immunoblot analysis of lysates of wild-type and δ(D910A) BMDCs stimulated for 0 or 15 min with LPS (100 ng/ml), followed by subcellular fractionation of the membrane (M) and cytosol (C). (f) PI(3)K kinase assay of the binding of PtdIns(4,5)P 2 to TIRAP in plates coated with PtdIns(4,5)P 2 and preincubated with GST-TIRAP, followed by the addition of TIRAP alone ((1) TIRAP), TIRAP plus recombinant p110δ-p85 fusion protein ((2) TIRAP + p110δ), TIRAP plus p110δ-p85 without ATP ((2) -ATP) and TIRAP plus p110δ-p85 preincubated with IC87114 (1 µM) ((2) + IC87114)); results are presented as absorbance at 450 nm (A 450 ). Data are from one experiment with five mice per group (a; one image of at least ten per condition), one experiment representative of three (b,e,f; with triplicates in f) or three experiments with two to three mice per strain (c; mean and s.d.) or two mice per strain (d; one image of at least two to three per condition).
A r t i c l e s these cells of a membrane-targeted version of p110δ resulted in a greater abundance of PtdIns(3,4,5)P 3 ( Supplementary Fig. 5b ) and constitutive phosphorylation of Akt (Supplementary Fig. 5a ). In line with the conversion of PtdIns(4,5)P 2 to PtdIns(3,4,5)P 3 by the membrane-targeted version of p110δ, there was depletion of TIRAP from the plasma membrane borders (Supplementary Fig. 5b,c) with notably less TIRAP protein expression overall ( Supplementary  Fig. 5a ). The localization and abundance of TIRAP were not altered after expression of empty-control vector or wild-type p110δ (Supplementary Fig. 5a ,b and data not shown). Together these data confirmed that the interaction of TIRAP with PtdIns(4,5)P 2 was abolished by the kinase activity of p110δ.
Activity of p110d facilitates proteolysis of TIRAP by calpain Degradation of TIRAP after stimulation of LPS is a fast way to terminate TIRAP-MyD88-dependent signaling 28 . The prolonged presence of TIRAP at the plasma membrane of δ(D910A) BMDCs and lower abundance of TIRAP protein in LPS-stimulated BMDCs and in NIH3T3 cells expressing constitutively active p110δ suggested that p110δ might affect LPS-induced degradation of TIRAP. In wild-type BMDCs, TIRAP was gradually processed and disappeared within 1 h after LPS stimulation ( Fig. 3a and Supplementary Fig. 6a ). In contrast, δ(D910A) BMDCs and IC87114-pretreated wild-type cells showed little or no degradation of TIRAP at 20 min after LPS stimulation, with some degradation observed 1 h after LPS stimulation ( Fig. 3a and Supplementary Fig. 6a) . We obtained similar results with IC87714-treated J774 mouse macrophages ( Supplementary Fig. 6a,b) . The PLC-γ inhibitor U73122 inhibited the LPS-induced degradation of TIRAP (Supplementary Fig. 6a) , with the combination of IC87114 and U73112 resulting more TIRAP than noted after treatment with either inhibitor alone ( Supplementary  Fig. 6a) . Notably, inhibition of endocytosis of TLR4 (with Dynasore 4 , an inhibitor of the dynamin GTPase) did not prevent TIRAP degradation (Supplementary Fig. 6a ). This suggested that depletion of PtdIns(4,5)P 2 at the plasma membrane and concomitant relocation of TIRAP to the cytosol were a precondition for the degradation of TIRAP. 
A r t i c l e s
To further investigate the influence of acute changes in the ratio of PtdIns(4,5)P 2 to PtdIns(3,4,5)P 3 on LPS-induced TIRAP turnover and TLR4 internalization, we investigated LPS signaling in BMDCs with loss of function of the PtdIns(3,4,5)P 3 phosphatases PTEN or SHIP-1. The 3-phosphatase PTEN converts PtdIns(3,4,5)P 3 to PtdIns(4,5)P 2 and is reported to be a positive regulator of LPS-induced TLR4 signaling and secretion of proinflammatory cytokines through unknown mechanisms 29, 30 , whereas the 5-phosphatase SHIP-1 converts PtdIns(3,4,5)P 3 to PtdIns(3,4)P 2 (ref. 31 ) and negatively regulates the LPS-mediated production of proinflammatory mediators as well as of IFN-β 32, 33 . There was more LPS-induced phosphorylation of Akt in BMDCs from either mutant mouse strain than in wild-type control cells, with baseline Akt phosphorylation being slightly greater in Pten +/− BMDCs but not in SHIP-1-deficient BMDCs (Fig. 3a) . The kinetics of LPS-induced degradation of TIRAP were faster in Pten +/− BMDCs than in wild-type control cells, with no substantial difference between SHIP-1-deficient and wild-type cells (Fig. 3b) . The surface expression of TLR4 was similar in BMDCs from both strains, with faster LPS-induced internalization of TLR4 in Pten +/− BMDCs than in wild-type cells but similar kinetics of TLR4 internalization in SHIP-1-deficient cells and their wild-type counterparts (Fig. 3c) . Overall, these data supported the idea that PtdIns(4,5)P 2 -PtdIns(3,4,5)P 3 dynamics, rather than a greater abundance of PtdIns(3,4,5)P 3 itself, controlled both TLR4 internalization and the degradation kinetics of TIRAP.
TIRAP degradation involves the ubiquitin-proteasome pathway 28 . In line with that, the proteasome inhibitor MG-132 abolished the degradation of TIRAP after LPS stimulation in BMDCs and in J774 macrophages ( Supplementary Fig. 6a,b) . As cytosolic TIRAP may also be susceptible to the action of calpain, a ubiquitously expressed nonlysosomal cysteine protease 34 , we assessed the calpain inhibitor N-ALLN and found that it abolished LPS-induced degradation of TIRAP in wild-type and δ(D910A) BMDCs and in J774 cells (Fig. 4a  and Supplementary Fig. 6a,b) . LPS-induced degradation of TIRAP was also inhibited in BMDCs derived from mice with transgenic overexpression of calpastatin, the endogenous inhibitor of calpain-1 and calpain-2 (ref. 35; Fig. 4b ). We transfected J774 cells to express Flag-tagged TIRAP and found that it immunoprecipitated together with calpain-1 under both basal and LPS-activated conditions, and that treatment with IC87114 resulting in less interaction (Fig. 4c) . We confirmed those results by finding that recombinant GST-TIRAP was efficiently cleaved and processed in vitro by purified calpain-1 and calpain-2 in a calcium-dependent and N-ALLN-sensitive manner (Fig. 4d) . Calpain-1 activity is regulated by autoprocessing of the large 80-kilodalton (kDa) subunit into a cleaved and active form 78-76 kDa in size, which is then detached from the plasma membrane to the cytosolic compartment 34 . Cell-fractionation assays of BMDCs showed that the membrane fraction contained most of the full-length calpain-1 (80 kDa), which, after 10 min of stimulation with LPS, was cleaved into a 78-to 76-kDa fragment and then translocated to the cytosolic fraction (Fig. 4e) . In δ(D910A) BMDCs, the translocation to the cytosol and cleavage of calpain-1 was considerably inhibited (Fig. 4e) . Together these data indicated that the sequential action of calpain proteases and proteasome in the cytosol most probably led to the proteolysis of TIRAP and that p110δ activity also controlled the localization of calpain-1 to the cytosol after activation by LPS. A r t i c l e s PI(3)K p110d regulates TLR4 signaling pathways differently PI(3)K is reported to be a negative regulator of LPS-mediated production of proinflammatory cytokines in DCs, based on studies of p85-deficient BMDCs 16 . However, the roles of the catalytic isoforms of class I PI(3)Ks in TLR4 signaling have remained enigmatic. After stimulation with LPS, but not under basal conditions, the production of tumor-necrosis factor (TNF), IL-6, IL-12p40 and IL-12p70 was significantly greater in δ(D910A) BMDCs than in wild-type cells (Fig. 5a) , an effect we did not observe after genetic inactivation of p110α or p110β (Supplementary Fig. 7a,b) . We noted a similar enhancement after pretreatment of LPS-stimulated wild-type BMDCs with IC87114 or pan-PI(3)K inhibitors (wortmannin or LY294002) but not after pretreatment with inhibitors with selectivity for p110α (PI-103), p110β (TGX-221) or p110γ (AS604850) (Fig. 5b and data not  shown) . Notably, IC87114 did not further enhance cytokine expression in LPS-activated δ(D910A) cells (Fig. 5b) . Likewise, we observed amplified production of inflammatory cytokines in δ(D910A) splenocytes relative to their production in wild-type control cells (Fig. 5c) . Inhibition of p110δ activity also amplified inflammatory responses induced by other TLR ligands that signal through TIRAP, as shown by the enhanced IL-12p40 production after inhibition of p110δ in BMDCs stimulated with the TLR4 ligand monophosphoryl lipid A (from E. coli or purified Salmonella minnesota R595) or by TLR2-specific ligands such as lipoteichoic acid and the tripalmitoylated lipopeptide PAM 3 SCK 4 (Fig. 5d) . Signaling through the receptors for IL-1 or TNF, which do not use TIRAP, was not affected by inactivation of p110δ (Fig. 5d) .
Endosomal TRAM-TRIF signaling activates IRF3 that gives rise to IFN-β and the downstream products of interferon-stimulated genes, including RANTES and IL- 10 (refs. 36-38) . In line with less internalization of TLR4, genetic or pharmacological inactivation of p110δ (but not of p110α or p110β) resulted in less production of IFN-β in LPS-stimulated BMDCs (Fig. 5e and data not shown) . Less IFN-β and IL-10 was produced by LPS-activated δ(D910A) splenic DCs than (Fig. 5f) . In a similar setting, Pten +/− BMDCs had less LPS-induced production of TNF but unaffected production of IFN-β or slightly more production of IFN-β only at highest doses of LPS (Supplementary Fig. 8a,b) . These results suggested that activation of p110δ induced IFN-β and antiinflammatory IL-10 after internalization of TLR4 while dampening TIRAP-MyD88-mediated proinflammatory signaling.
The recognition of LPS by TLR4 induces biphasic activation of NF-κB and p38, with the initial signal originating at the plasma membrane via TIRAP-MyD88, followed by TRAM-TRIF later in the endosomes. LPS-stimulated phosphorylation of the kinases IKKα, IKKβ and p38 tended to be greater at early time points (15-30 min) in δ(D910A) BMDCs than in wild-type cells (Fig. 6a) . Translocation of the NF-κB family member RelA (p65) was also greater at 45 min in LPS-stimulated δ(D910A) BMDCs than in wild-type cells, with no notable differences in unstimulated cells from either genotype (Fig. 6b) .
We therefore predicted that interfering with the localization and/or stability of TIRAP would also affect the late phases of TLR4 signaling. Indeed, in a longer kinetic study, IC87114 and U73221 each enhanced the LPS-stimulated phosphorylation of p38 at 30 min but diminished its late-phase phosphorylation at 90 min (Fig. 6c) , which indicated that inactivation of p110δ delayed endosomal signaling by TLR4. The dynamin GTPase inhibitor Dynasore inhibited LPS-stimulated phosphorylation of p38 in the late phase but had minimal effect on the early phase of signaling (Fig. 6c) , indicative of a block only in the intracellular TLR4 signaling, similar to that observed in TRIF-or TRAM-deficient cells 2 . Phosphorylation of IRF3 at Ser396, which is required for its translocation to the nucleus, was much lower in cells treated with IC87114 or U73221 than in untreated cells (Fig. 6c) , which indicated that p110δ and PLC-γ controlled the internalization of TLR4 and its endosomal signaling to IRF3. Dynasore also blocked LPS-induced phosphorylation of IRF3, reported before to inhibit RANTES production 4 (Fig. 6c) . Furthermore, δ(D910A) BMDCs had much less LPS-induced phosphorylation of IRF3 at Ser396 (Fig. 6d) and its localization to the nucleus (Fig. 6e) than did wild-type cells. Together these data demonstrated that inactivation of p110δ amplified TIRAP-MyD88-dependent TLR4 signaling while dampening the MyD88-independent IRF3 pathway in endosomes.
PI(3)K p110d confers protection from endotoxin shock in vivo
To evaluate the in vivo pathobiological relevance of the inactivation of p110δ in LPS signaling, we assessed systemic inflammation induced by a lethal dose of LPS in wild-type and δ(D910A) mice. After LPS challenge, 50% of the δ(D910A) mice died within 48 h, whereas half of the wild-type mice survived for up to 120 h (Fig. 7a) . That lower resistance of δ(D910A) mice to endotoxin correlated with higher LPS-induced serum concentrations of the proinflammatory cytokines TNF, IL-6 and IL-1β (Fig. 7b) , which are known to contribute to the lethal pathology at the early stages of endotoxin shock 39 . In contrast, δ(D910A) mice had lower expression of IFN-β and IL-10, a well-established downstream target of the IRF3-IFN-β axis 38, 40 (Fig. 7b,c) .
Our data indicated that p110δ activity restrained LPS-mediated systemic inflammation. We therefore explored whether the lower production of IFN-β and IL-10 observed in δ(D910A) mice originated from impaired activation of IRF3. After challenge with LPS, IRF3-deficient mice had much less synthesis of IFN-β and IL-10 mRNA and expression of IFN-β and IL-10 protein without a substantial effect on the transcription of Tnf or Il1b (Fig. 7d and data not shown) . These data indicated that p110δ positively regulated the IRF3-IFN-β-IL-10 axis and its anti-inflammatory action during endotoxemia. Together these data indicated that the kinase activity of p110δ protected mice from endotoxin-induced death by preventing uncontrolled systemic inflammation.
DISCUSSION
Compartmentalization of TLR signaling is critical for the quantitative and qualitative outcome of the immune response after pathogen recognition 7 . In this study, we identified the p110δ isoform of PI (3) A r t i c l e s as a key intermediary molecule that facilitated the transition from a TIRAP-MyD88-dependent proinflammatory phase to a TRAM-TRIF-dependent anti-inflammatory phase of TLR4 signaling. A role for PI(3)K in negatively regulating TLR-mediated inflammatory signaling has been documented and was considered to be mediated in part through the Akt-mTOR-Foxo1 signaling axis 18, 41, 42 . In this study, we identified the following additional mechanism of PI(3)K action: modulation of the 'topology' of TLR4 signaling by depletion of local PtdIns(4,5)P 2 . This adds another layer to PI(3)K signaling in addition to the classic PtdIns(3,4,5)P 3 -dependent activation of Akt and mTOR. The serine-threonine kinase mTOR is indeed important in both innate and adaptive immunity, and mTOR activity inhibits IL-12 production, whereas blocking mTOR enhances LPS-induced IL-12 production 43 . In both human and mouse plasmacytoid DCs, p110δ-mTOR signaling is required for type I IFN-α induced by TLR9 and TLR7 (refs. 44,45) . Given that the kinetics of LPS-induced phosphorylation of the mTOR downstream targets p70-S6 kinase and S6 were similar in p110δ-null and wild-type BMDCs (data not shown), it is unlikely that the p110δ functions we documented here were mediated through mTOR.
Our study has established a link between PI(3)K signaling and surveillance for early endotoxic shock. We found that the internalization of LPS through TLR4 and the degradation of TIRAP coordinated by p110δ were key steps in dampening TIRAP-MyD88-dependent proinflammatory signaling to prevent fatal damage to the host. Although p110δ-null mice and TRAM-or TRIF-deficient mice were defective in generating type I IFN-β, only TRAM-or TRIF-deficient mice were also unable to generate proinflammatory cytokines. Therefore, inactivation of p110δ diminished but did not abrogate the interaction of activated TLR4 with TRAM. Similarly, inhibiting the Syk-PLC-γ2 signaling axis in BMDCs and macrophages results in less internalization of TLR4, which leads to inhibition of IFN-β production without affecting the abundance of proinflammatory cytokines 46 , a phenotype reminiscent of that of p110δ-null mice. Thus, the kinase action of p110δ probably liberates TLR4 molecules to transit to the early endosomes, where they interact with TRAM, which leads to the induction of type I IFN-β. In this context, marshalling of the IFN-β-type I interferon receptor axis by p110δ via IL-10, after cessation of TIRAP-MyD88 signaling, is the second key step that 'revs up' a timely and effective anti-inflammatory arm of TLR4-mediated immune responses. Our study has identified p110δ in myeloid cells as a true homeostatic regulator of inflammation in endotoxic shock, which reinforces the proposal of an anti-inflammatory role for IFN-β [47] [48] [49] . Although the possibility of the involvement of DCs in the greater endotoxin-induced death δ(D910A) mice could be formally addressed by adoptive transfer in vivo of wild-type DCs or DCspecific inactivation of p110δ, it is unlikely that the DC phenotype is the sole cause of the observed phenotype. The p110δ isoform has high expression in all leukocytes, including macrophages 10 , which also show enhanced LPS-induced responses 50 , and these cells may therefore also be involved in the phenotype we have reported here for δ(D910A) mice. It is also possible that class I PI(3)K isoforms other than p110δ might control TLR4 signaling in other cell types in which p110δ concentrations are very low or it is absent 11 .
To our knowledge, this is the first demonstration that changes in electrostatic interactions between PtdIns(4,5)P 2 and TLR adapters control the 'topology' of TLR4 signaling and influence the net outcome of systemic inflammation in vivo. Our data are in agreement with the 'electrostatic switch' model 6 , as the net electrostatic force between membrane phospholipids and polybasic proteins can be diminished by signaling events (for example, by changes in membrane phospholipid composition or in the net charge of polybasic proteins (for example, by phosphorylation)). The resultant loss of attractive forces dissociates such proteins from membranes and is a way to rapidly compartmentalize signaling 23 . The localization of the polybasic molecules is influenced mainly by the concentration of the PtdIns(4,5)P 2 lipid, which is regulated dynamically in cells through synthesis, enzymatic conversion (through PLC-γ or PI(3)K) or clustering into spatial domains after occupancy by PtdIns(4,5)P 2 -binding proteins. PtdIns(4,5)P 2 and PtdIns(3,4,5)P 3 lipids are important for vesicle uptake and transit, particularly during phagocytosis, in which both the PI(3)K product PtdIns(3,4,5)P 3 and PtdIns(3,4,5)P 3 -mediated recruitment of PLC-γ have prominent roles 21 . The importance of PtdIns(4,5)P 2 binding for TIRAP function in immunity is substantiated by the observation that zebrafish, in which TIRAP lacks the PtdIns(4,5)P 2 -binding polybasic motif, are insensitive to endotoxin 51 . Manipulation of the availability of PtdIns(4,5)P 2 is also a well-documented evolutionary strategy used by microorganisms such as Salmonella typhimurium, which have the phosphatidylinositol phosphatase SopB that dephosphorylates 4′-and 5′-phosphatidylinositols in vivo and allows depletion of cellular PtdIns(4,5)P 2 and disruption of the localization of TIRAP to the plasma membrane 52 .
The PI(3)K-mediated control of the ratio of PtdIns(4,5)P 2 to PtdIns(3,4,5)P 3 and the calpain-ubiquitin-proteasome pathway may together represent a common regulatory mechanism that rapidly turns over proteins involved in spatiotemporal cell signaling. Calpain and the proteasome may act sequentially, similar to other calpainregulated systems, partly by recognition of the Pro-Glu-Ser-Thr sequence on proteins 53, 54 , as overexpression of calpastatin in cells limits TIRAP degradation. Partial cleavage of TIRAP by calpain might therefore be the first processing step that earmarks TIRAP for subsequent full degradation by the ubiquitin-proteasome pathway 28 .
Overall, our work has demonstrated the importance of correct compartmentalization of TLR signaling as a principle factor that defines the qualitative and quantitative output of innate immune responses that affect the fitness of the host to survive infection. In this context, the newly indentified link between PI(3)K activity and the IRF3-IFN-β-IL-10 pathway opens additional avenues to be exploited in the field of TLR biology, vaccine development and adjuvant-based immunotherapy to boost T helper type 1 immunity for the treatment of cancer and immunodeficiency generated by chronic viral infections.
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Methods and any associated references are available in the online version of the paper.
